Abstract. Non-steroidal anti-inflammatory drugs such as sulindac inhibit human colorectal carcinogenesis through a mechanism involving the direct inhibition of cyclooxygenase (Cox)-2. However, a wealth of recent evidence indicates that these agents might elicit their effects through mechanisms independently of Cox-2. In this study, we investigated the effects of sulindac and its metabolite, sulindac sulfide on modulation of the critical survival kinase, protein kinase B (PKB). Here, we demonstrate for the first time that treatment with either sulindac or sulindac sulfide results in a decrease in PKB activity, and we provide compelling evidence that this occurs through two distinct mechanisms. Additionally, we report that overexpression of, and conditional activation of PKB attenuates the apoptotic effects of sulindac, but not for sulindac sulfide -the metabolic metabolite of sulindac. We also demonstrate that treatment with sulindac sulfide, but not sulindac, results in a very early robust activation of both caspase-8 and -9. Furthermore, we show that the apoptotic effects of sulindac sulfide can be reverted by both the caspase-8 and -9 inhibitors. Evidence is provided to indicate that PKB is targeted by robust caspase activation due to sulindac sulfide. Hence, further investigation into the mechanisms regulating conversion of sulindac to sulindac sulfide (or direct use of the latter compound), may enhance our ability to target cancers with enhanced signaling through the growth factor➝phosphatidylinositol 3-kinase pathway.
Introduction
Apoptosis (programmed cell death), is an important process that is required not only for ordered development, but also for maintaining tissue homeostasis (1) (2) (3) . It has been suggested that malfunction or deregulation of this process may be important in the establishment or development of a number of diseases, including neurodegenerative disorders and cancer (4, 5) .
There are at least two possible mechanisms through which a cell can become committed to undergo apoptosis; these differ primarily on the basis of where the apoptotic signal is generated. Apoptotic signals, which are triggered through the activation of cell surface receptors including members of the TNF receptor family, mediate their effects through a series of death domain containing proteins that ultimately lead to the activation of caspase-8 (6, 7) . The second apoptotic program can be initiated at the level of the mitochondria. This form of cell death involves the loss of mitochondrial integrity, the release of cytochrome c into the cytoplasm and the subsequent formation of the apoptosome complex consisting of Apaf-1, dATP, cytochrome c and caspase-9 (8) (9) (10) .
It is well documented that both caspases-8 and -9 impinge upon and mediate their effects through caspase-3. Caspase-3 is described as one of the executioners of apoptosis; its proteolytic targets include poly-ADP ribose polymerase (PARP), ß-catenin, protein kinase B (PKB), and nuclear lamins amongst others (11) (12) (13) . The onset of apoptosis is marked by a number of morphological changes including membrane blebbing, cell shrinkage, chromatin condensation and DNA fragmentation.
It is known that chemotherapeutic agents like 5-FU mediate their anti-neoplastic effects through the apoptotic network (14) . In addition, a specific class of chemopreventive drugs known as the non-steroidal anti-inflammatory drugs (NSAIDs), which have been reported to cause regression of polyps in both humans and animals (15) (16) (17) , is believed to primarily mediate its anti-neoplastic effects by inhibiting prostanoid biosynthesis at the level of cyclooxygenase (Cox)-2. However, a number of recent studies indicate that Cox-2-independent mechanism(s) are likely also involved in this process. In this regard, NSAIDs have been reported to alter the Bax:Bcl-X L ratio, to inhibit NF-κB signaling, to inhibit PPAR‰, and to inhibit ILK signaling (18) (19) (20) (21) .
The ILK signaling network, which lies downstream of the PI3-kinase pathway, has received a great deal of attention for its roles in promoting cell growth and invasion as well as inhibiting apoptosis (reviewed in ref. 22) . ILK is predominately believed to mediate its pro-survival effects through the oncogenic protein, PKB/v-Akt. PKB can inhibit cell death in response to a number of apoptotic stimuli including growth factor withdrawal, UV irradiation, DNA damage, matrix detachment, cell cycle discordance and treatment of cells with either anti-Fas or TGFß antibodies (23) . The precise mechanism by which PKB mediates its pro-survival effects however is not established. Putative PKB consensus phosphorylation sequences have been identified in a number of apoptosis-related proteins including Bad, Bcl-2, Apaf-1, caspases 7-9 and Forkhead transcription factors (23) (24) (25) (26) . Whether these are phosphorylated in vivo by PKB requires further characterization.
In this study, we report for the first time that sulindac and its metabolite, sulindac sulfide differentially target ILK and PKB in vitro as well as PKB in vivo. The latter is mediated by a robust caspase-mediated cleavage of the molecule.
Materials and methods
Materials. Rabbit polyclonal anti-PKB was kindly provided by Stressgen Biotechnologies Inc. (Victoria, BC). Histone H2B was obtained from Upstate Biotechnology Inc. (Lake Placid, NY). Anti-phosphospecific-PKB Ser473 was obtained from New England Biolabs Inc. (Beverly, MA). Horseradish peroxidase conjugated secondary rabbit and mouse antibodies, sulindac sulfide, sulindac sulfone, NS-398, caspase-8 (Z-IETD-FMK) and caspase-9 (Z-LEHD-FMK) inhibitor and caspase-8, -9 and -3 substrate conjugated to AFC were obtained through Calbiochem (San Diego, CA). Sulindac, aspirin (ASA), cAMP-dependent protein kinase inhibitor peptide, EGTA, EDTA, MOPS, PMSF, sodium orthovanadate, leupeptin, aprotinin, benzamidine, dithiothreitol, ß-glycerolphosphate and propidium iodide were purchased from Sigma-Aldrich (Saint Louis, MO). The HA-PKB construct was obtained from Dr J. Woodgett (Ontario Cancer Institute, Toronto, Canada).
Cell culture. The human colon adenocarcinoma cell line DLD-1 was obtained from the American Type Culture Collection (Rockville, MD). The human colon cancer cell line HCT-116 was a gift from B. Vogelstein. DLD-1 cells were cultured in RPMI-1640 medium containing 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4.5 g/l glucose supplemented with 10% fetal bovine serum. The HCT-116 cells were cultured in McCoys 5A media containing 1% penicillin/streptomycin supplemented with 10% fetal bovine serum. HEK-293 cells were a gift from Dr Alice Mui. These cells were cultured in Dulbecco's minimum essential medium (DMEM) containing 10% fetal bovine serum and 1% penicillin/streptomycin and L-glutamine (2 mM). PKB-ER MC/9 cells were grown in RPMI-1640 medium containing 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 20 μM 2-mercaptoethanol, and 10% WEHI-3 conditioned medium as a source of IL-3. All cells were culture in a humidified chamber at 37˚C in 5% CO 2 . MC/9-PKB-ER cells were prepared using retroviral infection of MC/9 cells with PMX-Puro containing the PKB-ER fusion construct, which was a kind gift from Dr Richard Roth (27) .
SDS-polyacrylamide gel electrophoresis.
Protein samples for immunoblotting were resolved using sodium dodecylsulphatepolyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred onto the nitrocellulose membrane in a Bio-Rad transfer apparatus and the nitrocellulose membrane was blotted with the appropriate antibody at a dilution of 1:1000 in 0.05% Tween-TBS. The resulting membrane was exposed to ECL for 1 min. The Western blot was then exposed to film to visualize the immunoreactive proteins.
Enzymatic activation -inhibitor studies. DLD-1 and HCT-116 cells were seeded at a density of 1x10 6 cells per 100 mm dish. Twenty-four hours after seeding, the cells were serum starved for 16 h and pre-treated with the appropriate NSAID for an additional 2 h. Following this, the cells were stimulated with 10% FBS for 10 min in either the presence or the absence of the drug and rinsed once with ice-cold PBS. The PBS was aspirated off and the cells were harvested in 1 ml of homogenization buffer (20 mM MOPS, 50 mM ß-glycerolphosphate, 50 mM sodium fluoride, 1 mM sodium vanadate, 5 mM EGTA, 2 mM EDTA, 1% NP40, 1 mM dithiothreitol, 1 mM benzamidine, 1 mM phenylmethanesulphonylfluoride and 10 μg/ml leupeptin).
Immunoprecipitation. The appropriate lysate (400 μg) was incubated with 4 μg of anti-PKB (Stressgen Bio-technology Corp., Victoria, Canada) overnight at 4˚C with gentle mixing. To each vial, 30 μl protein A Sepharose was added for an additional 1 h at 4˚C. The lysates were then centrifuged and the supernatent was discarded. The protein A Sepharose beads conjugated to the antibody were washed twice with the standard lysis buffer and twice with protein kinase reaction buffer (100 mM HEPES pH 7.0, 20 mM MgCl 2 , 2 mM MnCl 2 , and 2 mM Na orthovanadate).
Immune complex kinase assays. The beads were pelleted and the reaction was started by the addition of 25 μl of the kinase reaction buffer (50 mM HEPES pH 7.0, 10 mM MgCl 2 , 1 mM MnCl 2 , and 1 mM Na orthovanadate, 2 mM NaF, 5 μg of the appropriate substrate per tube and 0.5 μg of ATP (250 μM ATP, 1 μCi[Á-32 P] ATP) at 30˚C for 20 min. The reaction was terminated with the addition of 10 μl of 4X sample buffer. The tubes were centrifuged for 1 min and the proteins were separated on a 14% SDS-PAGE gel. The resulting gel was stained with Coomassie Blue and then dried. The phosphorylation of the HH2B substrate was visualized by autoradiography and quantitated by densitometry using the Bio-Rad Gel Doc system.
In vitro kinase assays. The appropriate recombinant protein enzyme kinases (rILK or rPKB) (10 μl) diluted in assay dilution buffer was incubated with varying dosages of either sulindac or sulindac. To each tube, 10 μl of the appropriate substrate was added. The reaction was initiated with the addition of 5 μl of [Á-
32 P]-ATP and incubated at 30˚C for 10 min. Subsequently, 10 μl of the reaction mixture was spotted onto a P81 Whatman filter paper and washed three consecutive times with 1% phosphoric acid for 10 min each. Enzymatic activity was assessed by scintillation counting as outlined above.
Overexpression studies. To assess the influence of PKB on cell viability in response to sulindac and sulindac sulfide, cells were transiently transfected with the appropriate plasmid using Effectene. A total of 1 μg of plasmid cDNA was added to each 60 mm dish in 5 ml of the appropriate cell culture medium. The cells were left for 8 h at 37˚C in a 5% CO 2 incubator. After this period, the medium containing the DNA-Effectene complexes was removed and 5 ml of new medium was added. The cells were incubated for an additional 24 h to allow for gene expression. The efficiency of transfection was determined by co-expression of GFP.
MTS cell viability assay. To assess the effects of non-steroidal anti-inflammatory agents on cell viability, the colorimetric MTS method from Promega was utilized. Briefly, cells were treated with the appropriate drug for a 24-h interval in the presence of 1% serum containing medium. At 22 h, 20 μl of the MTS/PMS (333 μM/25 μM) solution was added to 100 μl of the appropriate culture medium in a 96-well plate for 2 h in a humidified chamber at 5% CO 2 and 37˚C. The absorbance was measured at 490 nm using an ELISA plate reader. The absorbance reading is directly proportional to the number of viable cells.
For the caspase inhibitor studies, cells were pre-treated with 1% FBS media containing 100 μM of either z-VAD-fmk, z-IETD-fmk or z-LEHD-fmk inhibitor for 1 h. Following pre-incubation, 50 μl of a 2x drug containing solution was added to the original 50 μl, to achieve a final caspase inhibitor concentration of 50 μM. Viability was assessed as outlined above.
PI staining and FACS analysis. The PKB-ER cells were treated with either sulindac or sulindac sulfide in the presence or absence of 1 μM 4-HT for 24 h. Subsequently the cells were harvested, collected by centrifugation, and fixed in 70% ethanol overnight at 4˚C. On day 3, the cells were pelleted and resuspended in phosphate-buffered saline containing 0.1% glucose, 100 μg/ml RNaseA, and 50 μg/ml propidium iodide and left in the dark, at room temperature for 45 min. The samples were analyzed using an EPICS XL flow cytometer (Coulter).
Caspase activity assays. Cells were seeded at a density of 1x10 5 per well in a 6-well dish. Twenty-four hours later, the cells were deprived of serum for 16 h and then were either untreated or treated with sulindac or sulindac sulfide for the indicated times to measure caspase-8, -9 and -3 activity using the corresponding AFC-fluorogenic substrates. Briefly, adherent and non-adherent cells were collected, centrifuged and washed in ice-cold PBS. Subsequently, the cells were homogenized as outlined above and the protein levels were evaluated. For each reaction, 5 μg of the fluorogenic substrate was added to approximately 100 μg of total protein per condition. Liberation of AFC was detected using a spectrofluorometer with an excitation wavelength of 405 nm and an emission wavelength of 520 nm.
Preparation of inhibitors.
Sulindac was dissolved in Trisbuffer (pH 8.0) while ASA, sulindac sulfide, NS-398, caspase-8 and-9 were dissolved in DMSO. All inhibitors were diluted to the desired concentration with the appropriate cell culture medium.
Statistical analysis. Band densities were measured by scanning the film using the Bio-Rad gel-doc apparatus into a TIFF format file. The band densities and the results are expressed as mean ± SD, with p<0.05 being considered significant using Student's t-test (unpaired, two-tailed).
Results

Effects of NSAIDS on biochemical activity of PKB.
A variety of extracellular signals has been reported to activate the PI3-kinase signaling nexus, such as insulin, EGF and PDGF (28) . This nexus is known to play a pivotal role in preventing cell death (23) , via the serine/threonine protein kinase, PKB/Akt. We have previously demonstrated that sulindac could inhibit the serum-induced activation of ILK. ILK is a putative PDK2 that has been reported to phosphorylate PKB on Ser473; phosphorylation at this critical serine residue in addition to Thr308 phosphorylation results in the activation of the latter (20) . Based upon our earlier observations, we postulated that these agents might influence the biochemical activity of PKB in an ILK-dependent fashion. To initially explore this, we sought to investigate whether sulindac or the active metabolite of sulindac, sulindac sulfide, could modulate the biological activity of either ILK or PKB directly in vitro. We performed a series of in vitro protein kinase assays using either recombinant ILK or recombinant PKB in the presence of either sulindac or sulindac sulfide at equimolar concentrations (Fig. 1) . The data from these studies revealed that sulindac could inhibit the biochemical activity of both ILK and PKB; however to our surprise PKB appeared to be more sensitive to the inhibitory effects of this agent. Intriguingly, no in vitro inhibitory effects were observed with the metabolite of sulindac, sulindac sulfide. Based upon this data, we concluded that sulindac but not sulindac sulfide directly targets both ILK and PKB in vitro. To validate our in vitro findings, we wanted to explore whether these agents could influence the biochemical activity of PKB in vivo. We have previously shown that both sulindac and aspirin (ASA) can inhibit ILK activity in vivo. In order to characterize the effects of these agents on PKB, we performed immune-complex PKB protein kinase assays on lysates prepared from DLD-1 cells that were treated with either ASA (5 mM), sulindac (1 mM) or sulindac sulfide (100 μM). The results indicated that all 3 agents inhibited the serum-induced activation of PKB, which is represented by the changes in Histone H2B phosphorylation (Fig. 2) . Furthermore, it was determined that changes in the biochemical activity of PKB reflected changes in the Ser473 phosphorylation status. The levels of GAPDH were examined to control for protein loading.
In the case of sulindac sulfide, the resulting decrease in Histone H2B phosphorylation was determined to be attributable to changes in relative protein levels (Fig. 2B) .
Taken together, there appear to be two distinct mechanisms by which sulindac and sulindac sulfide, regulate PKB activity in vivo, one involves a direct inhibition of the kinase whereas the other is due to changes in the levels of expression of the protein kinase itself.
Influence of PI3-kinase pathway members on NSAID mediated cell death. To determine whether PKB could influence cell death in response to NSAIDs, we made use of the fusion construct containing PKB and a mutated estrogen receptorbinding domain (PKB-ER) that specifically responds to 4-hydroxytamoxifen (27) , which was introduced by retroviral infection into MC/9 cells. Stimulation of these cells with 4-HT results in the rapid activation of PKB kinase activity; this activation coincides with phosphorylation of PKB-ER at its two activating sites.
The results from these studies indicated that overexpression of the PKB fusion protein alone has no influence on cell survival, however when the conditionally active exogenous PKB is activated with 4-HT, a pro-survival effect is observed in response to sulindac (Fig. 3A) . Specifically, treatment with 1 mM sulindac in the absence of 4-HT resulted in significant apoptotic cell death as indicated by a 50.8% sub-diploid population. This is strikingly reduced to 14.5% in the presence of 4-HT. This is in sharp contrast to the effects observed with sulindac sulfide. Conditional activation of PKB had no effect on sulindac sulfide mediated apoptosis. In the absence of 4-HT, 63.4% of the population exhibited a sub-diploid content whereas 61.4% contained this DNA profile in the presence of the stimulus.
To corroborate these findings, we transiently transfected HEK293 cells with either wild-type PKB or the empty vector. The HEK293 cell line was chosen for the relative ease of transfection. The data demonstrated that overexpression of PKB attenuated sulindac-induced cell death. No protective effects were observed with the metabolic metabolite, sulindac sulfide (Fig. 3B) .
Taken together, and in agreement with the biochemical data, it was concluded that two distinct mechanisms exist by which the pro-form and the metabolic metabolite of sulindac elicit their growth suppressive/antineoplastic effects. One appears to involve the inhibition of PKB activity while the other likely involves a mechanism, which leads to a decrease in PKB protein expression.
Effects of sulindac sulfide on pathways regulating cell death.
There is a large body of evidence supporting the notion that standard chemotherapeutic agents elicit their tumor regressing properties through either the death receptor pathway, at the level of the mitochondria or even cross talk between the two pathways (29) (30) (31) . As the effector limb of apoptosis relies on caspase activation, evaluation of pro-caspase-3 expression was performed following treatment with sulindac or its two metabolites and compared to the Cox-2 specific inhibitor NS-398. The results revealed that sulindac sulfide, amongst the panel of drugs, was the only agent that dramatically reduced the levels of pro-caspase-3 at the 24 h time-point (Fig. 4A) . .01, ** p<0.003). Whole cell lysates were prepared from DLD-1 cells treated as outline above and blotted with the respective antibodies. The HH2B phosphorylation status was quantified by densitometry (upper panel); the PKB Ser473 immunoblot further depicts these changes. The blot was later stripped and immunoblotted with both PKB and GAPDH to ensure equal protein loading. B, Whole cell extracts were prepared from DLD-1 cells that were treated with either sulindac (1 mM) or sulindac sulfide (100 μM), resolved on a 10% SDS-polyacrylamide gel and immunoblotted with the respective antibodies (SS, serum stimulated). Similar results were obtained on at least 3 independent occasions. At 100 μM there was a dramatic reduction in the levels of pro-caspase-3, which coincided with the appearance of the cleaved form of PARP (Fig. 4B) . It is worth noting that a cleaved PARP band was also detected when the cells were treated with 50 μM sulindac sulfide, but to a lesser extent. PARP cleavage is indicative of caspase-3 activation.
It is well established that there are two main forms of apoptosis. The activation of caspase-9 serves as a marker for mitochondrial-mediated cell death whereas the activation of caspase-8 represents death receptor-dependent cell death. Although others have reported that treatment with sulindac sulfide results in the activation of either caspase-8 or caspase-9 (32,33), it is not well established whether the activation of these two pathways are linked in this system. To investigate the mechanism(s) by which sulindac sulfide causes apoptosis in our system, we examined the temporal activation of both caspase-8 and caspase-9 as well as the common downstream target, caspase-3. Strikingly, the data revealed that both caspase-8 and caspase-9 were robustly activated within approximately 5 min of the initial exposure to sulindac sulfide and that the activation was sustained throughout the duration of the experiment (Fig. 4C ). Caspase-3 activity appeared to parallel the activation of both caspase-8 and caspase-9 (although the amplitude was reduced). By 10 min, there was almost a 2-fold increase in the activity; this activity was sustained throughout the time course.
The effects of sulindac sulfide upon the activation of these two pathways were further corroborated by the immunoblots examining the relative expression of the pro-caspase-8 and pro-caspase-9 as well as the pro-and cleaved forms of caspase-3 (Fig. 4D) . The data indicated that treatment with sulindac sulfide results in the simultaneous activation of both caspase-8 and caspase-9. Treatment with sulindac at similar time-points had no effect on the activity levels of the respective caspases (data not shown).
Sulindac-mediated caspase-9 activation is a secondary event.
Recent evidence supports the notion that cells can be stimulated to undergo apoptosis through mechanisms independent of the cellular caspases or that the activation of these enzymes occurs as a secondary event (34) (35) (36) (37) . As sulindac did not modulate the levels of the pro-caspase-3 protein at the indicated timepoint (Fig. 4A) , we wanted to investigate whether this agent could influence the activities of caspase-8, caspase-9 and caspase-3 at later time-points. The data indicated that following 24-h treatment with sulindac, there was approximately a 2-fold increase in caspase-9 activity; this activity was sustained throughout (Fig. 5) . The activity of caspase-9 appeared to parallel the activation of caspase-3. By 48 h, there was approximately a 2.5-fold effect with respect to the control. It is worth noting, that there was no activity directed towards the IETD-fluorogenic substrate, which is indicative of caspase-8 activity in response to sulindac at any of the time-points thus ruling out a potential role for the death receptor pathway in sulindac-induced apoptosis. These findings imply that sulindac, as opposed to sulindac sulfide, likely only influences mitochondrial membrane integrity, which subsequently results in the activation of caspase-9. Equally, the observation that PKB can prevent sulindac-induced cell death implies that PKB must influence mitochondrial integrity. This is in agreement with evidence indicating PKB can prevent cytochrome c release (38, 39) .
Interdependence of cellular caspase networks in sulindac sulfide-mediated apoptosis. In the preceding section, we demonstrated both by caspase-activity and immunoblot analysis, that administration of sulindac sulfide resulted in the dual activation of both caspase-8 and -9, with almost simultaneous activation of caspase-3. To validate these preliminary findings, we evaluated the effects of both the caspase-8 (z-IETD) and caspase-9 (z-LEHD) inhibitors alone or in combination on drug-mediated alteration in cellular viability. The data from these studies indicated that both of the inhibitors dramatically attenuated sulindac sulfide-mediated apoptosis (Fig. 6A) , as well as morphologically (Fig. 6A, panels on right) . To delineate whether the activation of caspase-8 and caspase-9 were interdependent upon one another, we specifically examined the influence of either of the caspase inhibitors on the activation of both caspase-8 and caspase-9 following 30-min exposure to sulindac sulfide. The data revealed that pre-treatment with either of the caspase inhibitors (z-IETD or z-LEHD) attenuated the activation of the respective caspases. Specifically, 1 h pre-treatment with the caspase-8 inhibitor (z-IETD) inhibited the sulindac sulfide-induced activation of both caspase-8 and caspase-9; the activity levels were reduced below the control in both instances (Fig. 6B) . Similar results were obtained when the cells were pre-treated with the caspase-9 inhibitor (z-LEHD). SDS-polyacrylamide gel and immunoblotted with anti-caspase-3. B, Whole cell lysates were prepared from a dose escalation study with sulindac sulfide. Thirty μg of protein was resolved by SDS-PAGE and blotted with the respective antibodies. The blots were stripped and re-probed with GAPDH to control for protein loading. C, Whole cell lysates were prepared from serum-starved cells that were treated with sulindac sulfide for the indicated time-points and evaluated for caspase-8, caspase-9 and caspase-3 activity as outlined in the experimental procedures. D, DLD-1 lysates were prepared as outlined above and immunoblotted with the respective antibodies. Both the anti-capase-8 and caspase-9 antibodies detect the proform of the enzyme while the anti-caspase-3 detects both the pro-and cleaved forms of caspase-3. Similar results were obtained in three separate experiments. Figure 5 . Sulindac-mediated caspase activation is a secondary event. Whole cell lysates were prepared from serum-starved cells that were treated with sulindac for the indicated time-points and evaluated for caspase-8, caspase-9 and caspase-3 activity as outlined in the Materials and methods.
Treatment with caspase inhibitors blunts sulfide-mediated PKB cleavage. We observed a dramatic decrease in the levels of PKB protein upon treatment with sulindac sulfide (Fig. 2) . As sulindac sulfide has been previously reported to cause apoptosis, we postulated that this reduction in PKB protein expression is likely a consequence of the commitment of the cell to undergo apoptosis. In this regard, PKB has been reported to be a target of caspase-3 (12) .
To validate whether PKB was susceptible to sulindac sulfide-mediated caspase cleavage, we pre-treated the DLD-1 cell line with either the caspase-8 or caspase-9 inhibitor (z-IETD or z-LEHD) and exposed the cells with sulindac sulfide. The data demonstrated that pre-treatment with either of the caspase inhibitors attenuated the reduction in the levels of the PKB protein (Fig. 6C) . Caspase-dependent cleavage of PKB has been previously reported to coincide with a decrease in the enzymatic activity of the respective kinase (40) .
Discussion
Aspirin, a non-steroidal anti-inflammatory agent, provides a beneficial effect in clinical situations including heart disease, rheumatoid arthritis and cancer (41) (42) (43) . The mechanism by which this and other similar drugs mediate their effects is thought to involve the inhibition of Cox function (44, 45) . However, recent scientific data suggest that alternative mechanisms could be involved in eliciting the effects of these drugs. In particular, administration of NS-398, a Cox-2 specific inhibitor, has been shown to promote apoptosis in a caspase-9-dependent manner (46, 47) . Another study demonstrated that sulindac sulfide is able to promote apoptosis through a death receptor-dependent mechanism (32) . In addition to this, sulindac has been shown to inhibit the pro-survival NF-κB signaling module at the level of IKK (19) . Furthermore, these agents have also been shown to inhibit PPAR‰ (48) , alter the Bax to Bcl-X L ratio (18) and promote ceramide generation (49) . Of special interest, celecoxib, a Cox-2 specific inhibitor, has been shown to inhibit the biochemical activity of protein kinase B in a PI3-kinase-independent manner (50). More recently, this Cox-2 specific inhibitor was also reported to inhibit PDK1, the kinase that regulates Thr-308 phosphorylation on PKB (51) .
In the present report, we provide novel evidence that sulindac and sulindac sulfide differentially converge on one of the major anti-apoptotic pathways, the PI3-kinase/PKB pathway. Specifically, we demonstrate that administration of either sulindac or sulindac sulfide results in a decrease in the serum-induced phosphorylation of PKB at Ser473. However, we demonstrate that the effects of sulindac sulfide on PKB Ser473 phosphorylation are due to a decrease in PKB protein expression rather than an effect on one of the upstream activating kinases. This decrease in PKB protein expression was determined to be due to the dramatic early activation of the cellular caspases. Additionally, we demonstrate that both aspirin and sulindac inhibit PKB biochemical activity in an immune complex kinase assay. Based on our previous findings, which indicated that ILK activity is modulated by these agents, we believe that this effect on Ser473 phosphorylation could be mediated through ILK itself (20) . However, one cannot rule out that this is a direct effect based upon the inhibitory effects of sulindac on in vitro PKB activity.
Although it is well established that the PI3-kinase/PKB pathway plays a critical role in regulating apoptosis; it is not clear how this pathway provides a survival effect or at what level. Here we demonstrate both by transient and stable overexpression that PKB abrogates the effects of sulindac but not sulindac sulfide on apoptosis. In addition to this, we demonstrate that treatment with sulindac sulfide leads to a very early robust activation of both of the downstream caspases involved in the death receptor and mitochondrial pathways. The latter result is in agreement with a previous report in which it was demonstrated that sulindac sulfide promotes cell death mainly through a death receptor (DR)-5/caspase-8-dependent mechanism (32). Our results add to these findings, by demonstrating that sulindac sulfide mediates its apoptotic effects through both caspase-8 and -9, which likely mediate their effects through a common downstream effector caspase. This conclusion is supported by the robust amplitudes of sulindac sulfide-induced caspase-8 and -9 activation; attenuation of both of their respective activities, with either of the caspase-specific 8 or 9 inhibitors; and finally, the reduction in sulindac sulfide-induced cytotoxicity observed by using either inhibitor. In this report, we also demonstrate that the effects of sulindac on apoptosis, specifically the activation of caspase-9 and caspase-3, are consequent upon the inhibition of PKB. It is quite possible that sulindac elicits its effects by disrupting cell metabolism through a PKB-dependent mechanism, which would involve compromising mitochondrial integrity. Previous work has implicated PKB in the modulation of mitochondriaassociated hexokinase activity (38) , which has been linked to the inhibition of cytochrome C release. Furthermore, we exclude an effect of the death-receptor pathway in sulindacmediated apoptosis.
In conclusion, we provide compelling evidence that there are two distinct mechanisms by which sulindac and sulindac sulfide elicit their anti-neoplastic properties. We conclude that these findings may be of medical importance, as a number of the components in the PI3-kinase pathway have been demonstrated to be dysregulated in human cancers (52) (53) (54) . Therefore, based upon the observation that overexpression of an integral component in the PI3-kinase pathway, PKB, had no effect on sulindac sulfide-induced cell death, whereas the effects of sulindac were dramatically blunted, we propose that treatment with the former may be an effective adjuvant therapy.
